I. Introduction
Implanted B dopant diffusion in Si has recently attracted much attention because of the anomalously high diffusion rate, the TED effect [I] , which has been revealed when heavily doped Si samples were rapidly thermally annealed at a temperature of about 800 -1000 "C for 10s. (RTA). The realistic physical model of TED has then been proposed stating that every implanted B+ ion creates at least one Siinterstitial (the so called +I model), and that the highly migrating B interstitials are due to the kick-out mechanism caused by the Si self-interstitials [2] .
Decaborane ion, (BloHI4)+, implantation has been experimentally shown to be a promising new technique for hture small scale PMOS devices. Very shallow junctions have been obtained with low-energy decaborane implantation into a Si surface [3] . Dopant diffusion in Si is a well studied area of semiconductor physics . Modeling of low energy decaborane implantation has attracted much less attention so far compared with that of single B' ion implantation. To the authors' knowledge, there has been simulation of 1.5 and 4 keV decaborane implantation into a Si substrate with Molecular Dynamics [ 1 I]. Unfortunately, MD predicts positions of dopants and defects for a very small time interval, typically less than 20 ps, which is not long enough to simulate diffusion of B during RTA processing.
The aim of this paper is to simulate decaborane implantation into Si at room temperature and the subsequent RTA process at a much higher temperature, by combination of Molecular Dynamics and Monte-Carlo methods, in a low ion energy implantation region. For comparison, simulation has also been performed for the monomer B' ion implantation, with the same dose and same energy per atom, and subsequent annealing.
Model
As the B atomic mass makes up only 1/3 of the Si atomic mass, the implanted B atoms undergo rare but violent collisions with neighboring Si atoms. Therefore, the motion of B atoms could not be considered as a Brownian one. This makes finding the B diffusion constant a challenging problem for theory. Molecular Dynamics can in principle find the diffusion coefficient, but it is incapable of treating a realistic system for a long computation time. This is usually limited to tens of ps which is not long enough to simulate diffusion of B during RTA processing.
On the other hand, the kinetic models using rate equations for defect concentrations, are rather insufficient for the real three-dimensional modeling of decaborane implantation. This follows because the space scale of averaging in this technique is much larger than that in the decaborane case, due to a higher non-uniformity of dopant distribution.
As RTA is usually applied for ]Os, a time scale which too long for a MD method, a method combining MD with MMC is developed in this paper. As we discuss M e r , the proposed method could easily extend simulation time up to -1 ms, which is long enough for finding parameters of dopant diffusion. To the authors' knowledge, the MMC has not been used before for obtaining diffusion characteristics of dopants in Si for the ion implantation process of interest.
Molecular Dynamics
The atomic positions at monomer ion and decaborane implantation were obtained by the Molecular Dynamics simulation at room temperature. The decaborane molecule was modeled with a Blo cluster bombarding a Si substrate. The basic cell size for the MD simulation was determined fiom the cluster energy between 2 -5.keV and experimental dose of loi3 ion/cm2 [3] . A cubic slab consisting of about 32,000 Si atoms was used for one decaborane ion impact or for 10 implanted B+ ions at an energy of 230 eV/atom. For the 5 keV decaborane implantation simulation, a parallelepiped containing of about IO5 Si atoms was used. The periodic boundary conditions (PBC) were used in x and y directions, and Langevine forces were applied to 4 atomic layers, in order to keep the system at a desired temperature. Atoms in the two bottom atomic layers were fixed.
The ZBL potential at short distances combined with the Stillinger-Weber potential at equilibrium distances was used to evaluate interactions between two and three Si atoms, as usual [ The experimental values for total decaborane cluster energies were 3 and 5 keV in [3] . In this paper we have simulated the implantation of 2.5 and 5 keV decaborane ions because of our interest in modeling very shallow pn-junction formation.
In MD simulation, all B and Si atomic positions and velocities are calculated as output data. A distribution of displaced Si atoms, with potential energies > 0.2 eV than average potential energy, as well as other defects can be obtained fiom the MD result.
In addition, the structure of the irradiated Si substrate was studied by the radial distribution function, rdf, for the heavily disordered area of decaborane impact.
The decaborane implantation results were compared with simulation of B' ion implantation, with the same dose and same energy per atom.
It should be noted that the calculation of the annealing temperature was an important detail of the proposed method. As we have found in this paper, the accuracy of our di&sion coefficient calculation was determined primarily by the accuracy in finding the temperature within the MD. A constant temperature and constant pressure h4D was realized for the system with PBC by scaling all the length variables according to the algorithm in [ 131.
A large amorphized pocket is obtained directly under the surface. Fig. 1 represents a comparison of radial distribution h c t i o n s (rdf) for different areas of irradiated and non-irradiated Si. The area heavily disordered with 5 keV decaborane implantation (line I ) has an rdf which contains a glass peak at 2 3 A. The number of Si atoms having more than 5 nearest neighbors was about 21 80 in this case. A lower glass peak was revealed when implanted decaborane had lower energy, 2.3 keV (line 2). An outer substrate region, which was not disordered with cluster implantation, has an rdf which is typical for an ideal crystalline structure (line 3).
The same simulation of B' implantation has shown that there are almost no amorphized areas in the Si substrate.
IV. Monte-Carlo
The atomic positions obtained with the MD were transferred into a Monte-Carlo code for which the Metropolis Monte-Carlo (MMC) algorithm was used [13, 14] . In the MMC method, every atomic position of the studying system is displaced within some small increment which can be obtained fi-om the virial expression for a given temperature.
The following initial increments were obtained for B and Si atoms to be satisfactory for a sufficiently short computation time, together with keeping acceptable computation accuracy: AB -0.3 x (Tref I 300 K)", AS, -0.3 x (Tref/ 300 K)ln, where Tref=100-2000K.
Actually, the initial values of the increments are not so important because the MMC algorithm adjusts them itself keeping the acceptance probability to be around 0.5. When the initial displacement increment for Si atom was varied from lo-' to 0.01 6, i.e. within of 5 orders of magnitude, the B diffusion constant only increased by 50%. Here, (T = 2.0951A. Fig. 2a shows the results obtained in this paper for the time dependence of the atomic hopping lengths, for B atom -AB (line I ) , and for disordered Si atoms -As, (line 2). The average value for the Si hopping parameter is 3 times lower than that of B one. The Si hopping range corresponding to well cristalline areas was negligible small. In the MMC method, the time variable is usually measured in Monte-Carlo steps per atom, TMC, and an additional effort should be done to obtain the real time variable [15] . We have obtained the real time t R by representing the diffusion constant in the Arrenius form:
where D, is the difhsion constant of i-th atom, { i = B, Si}, Do is the pre-exponential which could be estimated as Do -A' v, A is the average hopping length, and v is the frequency. PA is the activation energy, kB is the Bolzmann constant, and Tis the system absolute temperature. Using the standart logarithmic representation {lo@ vs l/n, the real time variable fR could be obtained.
To obtain a diffusion constant in the MMC method, we have calculated the B and Si atomic displacements at different 
t
where <hi2> is the mean-square-displacement (MSD) of the particle i { i = B or Si } at time f from its initial position at time 0. We have separated the MSD into two parts: the first one corresponded to the xy-plane displacements <&c2> + <Ay2> and the second to the z-direction: <Az2>.
The B and Si difhsion constants can be calculated from the slopes of these displacements according to formula (2).
The equilibrium B diffusion constant can be obtained from experiment [3] in the following form:
where & is measured in cm2 s-', and T in K. The first term gives the diffusion of neutral B atoms, and the second term that of charged B ions.
A typical evolution of B trajectories during the MC simulation shows that the displacements in xy-plane and in 5-direction are almost the same. This means that no predominant diffusion is observed in one direction, for example in the z-direction. The dopant particles continued to have a non-uniform distribution in space during a whole annealing time interval. This is a pure geometric effect, caused by a non-uniform initial dopant distribution. It might support the idea that at decaborane implantation B difhion will be 1/3 of that of single B+ ion implantation, at least during some noticeable part of annealing time. This non-uniformity effect must be significant for cluster ion doses less than 1013 cm-*. At higher decaborane implantation doses it should be negligible.
Our simulations did find a small surface effect showing that B atomic trajectories are attracted to and then trapped on the surface, but this effect seems not to be very strong. Compared with the result of the tight-binding MD simulation [9] , this lower activation process could be ascribed to the vacancy mechanism of diffusion. Actually we did not find any vacancies outside the amorphized zone, but they could be emitted from the amorphized zone upon annealing. On the other hand, our simulation shows that some B atoms are diffusing primarily near the amorphized zone where the definition of a vacancy becomes dubious. Some B atoms were trapped inside this amorphized pocket. Unfortunately, the B diffusion constant in the amorphous Si is unknown, therefore this question needs a M h e r study.
The high-temperature part of the curve 2 was continued to 1 / T = 0, which gives a measure of the Monte-Carlo step per atom in real time to be: fMC -105/vsi. The frequency of Si thermal oscillations vsi is unknown, we can roughly estimate it to be in the interval 1OI3 -10l2 s-'. This estimation gives for the MC-time step tMC -lo-* -l o 7 s which makes it possible to model the RTA process, with the duration of -10 s.
The Si difhsion constant shown in Fig. 3 was found similar to that of B, and it corresponds to the difhsivity of disordered Si atoms. The Si diffusion constant for the well crystallized areas is much smaller than that of disordered areas, and it needs a separate study.
V. Conclusions Molecular Dynamics and Metropolis Monte-Carlo models of B cluster and B monomer ion implantation into Si substrate were developed which allow simulation of implantation and subsequent rapid thermal annealing processes in one program as long as a real RTA process requires.
A large amorphized area directly beneath the Si surface was obtained when thls substrate was implanted with a Blo cluster. The B atoms are mostly stopped within this amorphized area. Compared to that, monomer implantation shows much fewer displaced atoms which are scattered more uniformly in the substrate. Very good agreement was obtained between calculated and experimental equilibrium B diffusion coefficient at temperatures typical for the RTA. We did not find any TED in our simulation of decaborane implantation into Si, with cluster energies of 2.5 and 5 keV, and B doses of lOI4 ~m -~, at the RTA temperatures.
The B diffusion coefficient was obtained possessing two different activation energies: -3 eV which is close to the equilibrium B activation energy for lightly doped Si, for a higher temperature region, T > 700 K, and a very low activation energy, less than 0.2 eV, for the lower temperature region.
The disordered Si atoms have shown difhion coefficients of the order of cm2 s-', much higher than that of well crystallized regions.
